Abstract: Current DNA compression algorithms rely on finding repetitions within the DNA sequence so that similar subsequences can be encoded by referencing to each other. We explore similarities between different chromosomes of the sequence 'Saccharomyces cerevisiae'. These similarities are characterised by the existence of similar subsequences among different chromosomes. The longer the similar subsequences are, the higher the cross-similarities are. Our study indicates that these cross-sequence similarities are often significant as compared to self-sequence similarity. This implies that it would be advantageous to compress two or more chromosome sequences together so that similar subsequences found between multiple chromosome sequences can be encoded together.
Introduction
Deoxyribonucleic acid (DNA) technologies have been widely used in genetic engineering, forensics and anthropology. We can see that the size of the databases storing DNA, RNA and amino-acid sequences is increasing exponentially (Matsumoto et al., 2000) . As an example, the lengths of the 24 chromosomes in human are found to have 50 to 250 million base pairs (Human Genome Project Science, http://www.ornl.gov/sci/techresources/Human_Genome/project/info.shtml). Compression is thus desirable not only to reduce its storage requirement, but also uncover similarities and differences among sequences so that properties of DNA sequences can be understood (Matsumoto et al., 2000; Li et al., 2001) .
Current compression algorithms work by finding redundant information within the DNA sequence. For example, most compression algorithms tried to exploit exact/approximate repetitions and complementary palindromes within the DNA sequences (Matsumoto et al., 2000; Li et al., 2001; Korodi and Tabus, 2007; Tahi, 1993, 1994; Rivals et al., 1995 Rivals et al., , 1996 Chen et al., 1999 Chen et al., , 2001 Chen et al., , 2002 Chang, 2004; Behzadi and Fessant, 2005) . These similarly repeated regions are then encoded together by referencing to each other in a hope to use less than two bits on average for each base pair. Besides exploitation of repetitions, the three-based periodicity inside the protein coding regions was also exploited (Pinho et al., 2006) .
In the field of video compression, each video frame can be compressed as either an I-frame or a P-frame (Richardson, 2003; Wang et al., 2002) . The I-frame means that the frame is intra-coded in which redundancy is exploited within the image itself. In contrast, P-frame means that the frame is inter-coded in which redundancy is exploited between two consecutive frames. The P-frame always has a better compression ratio than the I-frame since the redundancy found between two consecutive frames is always significant when comparing with that found within the frame itself. In the field of DNA compression, current algorithms are analogous to intra-frame compression as redundant information is exploited only within one chromosome. Here, we propose that inter-sequence (cross-sequence) redundancy among a number of chromosomes should be exploited in DNA sequence compression too.
Although cross-sequence similarity is well-known and is the basis of sequence analysis algorithms such as multiple sequence alignment or phylogenetic analysis, the idea of exploiting this information specifically for DNA sequence compression is novel. While only modest compression ratio might be achieved for one chromosome sequence, we hypothesised that higher compression ratio can be achieved for multiple chromosome sequences compression since it can benefit from both self-sequence similarity and cross-sequence similarities.
This chapter attempts to give a quantitative analysis of cross-sequence similarities among chromosomes to support our hypothesis. We specifically look at the cross-sequence similarities among different chromosomes of 'Saccharomyces cerevisiae' (S.cerevisiae). The lengths and locations of similar subsequences among chromosomes are investigated and their implications for DNA sequence compression are discussed.
Fundamentals of DNA sequence compressions
DNA is a molecule composed of deoxyribonucleotides connected by phosphodiester linkages. Genome is the complete DNA sequence of a living organism while gene is a special section of the DNA coding for a protein. The largest publicly accessible nucleotide datasets are maintained in: National Center for Biotechnology Information Genetic Databank (GenBank) (http://www.ncbi.nlm.nih.gov/Genbank/index.html), European Molecular Biology Laboratory (EMBL) (http://www.ebi.ac.uk/embl/) and DNA Database of Japan (DDJB) (http://www.ddbj.nig.ac.jp/Welcome-e.html). Each of these databases shares their information. In February 2008, GenBank reported that there were approximately 857 billion bases in 82 million sequence records in the traditional GenBank database and 1086 billion bases in 27 million sequence records in the NCBI Whole Genome Shotgun sequence division (http://www.ncbi.nlm.nih.gov/Genbank/index.html; http://michael.dipperstein.com/dna).
Without any compression, two bits per base are required for encoding four nucleotides. However, most general-purpose compression tools use more than two bits to encode a base. It is because these tools do not consider the special structures in a DNA sequence. Therefore, before discussing the similarity study, we first introduce the characteristics of DNA sequences and describe existing DNA compression methods in the following subsection.
Characteristics of DNA sequences
DNA is a long sequence consisting of four kinds of nucleotides: adenine (A), cytosine (C), guanine (G) and thymine (T). It is a double helix held together by hydrogen bonds. The nucleotides (A, T) and (C, G) are complement pairs as shown in Table 1 . A nucleotide in one strand is bonded to its complement in the other strand as depicted in Figure 1 . Thus, only one strand needs to be encoded since the other strand can be obtained from the complement of the nucleotide in this strand.
Two important characteristic structures of DNA sequences are exact/approximate repeats and complementary palindromes. They are often exploited in DNA sequence-oriented compression algorithms. Table 1 Four types of nucleotides, adenine (A), guanine (G), thymine (T) and cytosine (C), and their complements In Figure 2 (a), a set of 12 nucleotides 'ACGCTTACGCAT' is a sample sequence. The subsequence 'ACGCTT' shown between 1 and 6 indicates the first six bases of the sample sequence while the subsequence 'ACGCAT' listed between 7 and 12 is the 7th to 12th bases of the sample sequence. The vertical line located between two bases indicates that the upper base is identical to the lower base. By comparing the first subsequence (1st to 6th bases) and the second subsequence (7th to 12th bases), the 5th base 'T' and the 11th base 'A' are not the same as no vertical line is present. However, if the 5th base 'T' is replaced by 'A', the second subsequence can be reproduced from the first subsequence. This is called substitution.
Bases Base symbols Complement
In Figure 2 (b), there are only 11 nucleotides 'ACGCTACGCAT' in the sample sequence. The horizontal line appeared in the 5th position of first subsequence means no base at that position. In other words, to reconstruct the second subsequence, 'A' should be inserted in between the 4th and the 5th base of the first subsequence to form the second subsequence. This is insertion.
In Figure 2 (c), the sample sequence is 'ACGCTTACGCT' and the horizontal line is located at the 5th position of the second subsequence. To simulate the second subsequence, we can delete the 5th base 'T' in the first subsequence. This is named deletion.
Complementary palindromes
Complementary palindrome is also called reversed repeat, complemented inverted repeat or reverse complement repeat in the literature. It means nucleotides in a sequence are the reverse ordering of nucleotides in another sequence with each nucleotide replaced by its complement. For instance, since (A, T) and (C, G) are complement pairs, the subsequences 'AAGCGT' and 'ACGCTT' are complementary palindrome.
In Figure 3 , the 12 bases sequence 'ACGCTTAAGCGT' is a part of DNA sequence. We first focus on the bases from 7th to 12th, i.e., 'AAGCGT'. Its complement is 'TTCGCA' as listed in the second row and the reverse order of 'TTCGCA' is 'ACGCTT' as shown in the third row. It is trivial that the subsequence from the 1st to the 6th bases exactly matches with the reverse complement of the subsequence from the 7th to the 12th bases. 
DNA compression
There are two kinds of compression methods: lossless compression and lossy compression. Retrieving from compressed data without loss is defined as lossless while recovering from compressed data with data loss is called lossy. Since all the data in a DNA sequence cannot be sacrificed, only lossless compression is applied in DNA compression. The structural information of DNA sequence such as approximate repeats and complementary palindromes is essential for DNA compression. Therefore, DNA compression is a kind of lossless compression and is based on its characteristic structures.
As DNA sequence just includes four bases, two bits are enough to store each nucleotide. In Figure 4 , '00', '01', '10' and '11' are assigned to represent the nucleotides A, C, G and T respectively as an example. Thus, less than two bits per base are the minimum requirement for DNA compression. 
Current DNA compression schemes
Most DNA-based compression algorithms rely on encoding together similar repeated regions found within one chromosome sequence. Biocompress proposed by Grumbach and Tahi (1993) is the first algorithm designed specifically for compressing DNA sequences. Both Biocompress and its second version Biocompress-2 (Grumbach and Tahi, 1994) are based on a sliding window algorithm known as LZ77 (Ziv and Lempel, 1977) . In Biocompress-2, exact matches and complementary palindromes are found so that the matched subsequences can be encoded with respect to the identical subsequences occurred in the past. In particular, the whole matched sequences are replaced by two parameters: the start position of the previous occurred subsequence and the repeat length. For those insignificant repeated regions or non-repeated regions, order-2 arithmetic coding (Arith-2) can be used.
Cfact proposed by Rivals et al. (1995 Rivals et al. ( , 1996 utilises a two passes algorithm. In the first pass, exact matches are found by a suffix tree. In the second pass, if there is a compression gain, the matched subsequences are encoded using previous references; otherwise, they are kept uncompressed. GenCompress Chen et al., 1999 Chen et al., , 2001 ) unlike Biocompress and Cfact, consider approximate matches in addition to exact matches. GenCompress-1 uses substitutions only, while GenCompress-2 uses deletions, insertions and substitutions for repeats encoding. Similar to Biocompress, GenCompress considers whether the matched subsequence is worthy of being encoded. If not, Airth-2 encoding is used. CTW+LZ proposed by Matsumoto et al. (2000) bases on the context tree weighting method and the LZ-based compression. Long exact/approximate repeats and complementary palindromes repeats are encoded by the LZ-based algorithm, whereas short subsequences are compressed using CTW. Although it obtains good compression ratio, its execution time is too high for long sequences.
DNACompress (Chen et al., 2002) consists of two parts. All approximate repeats including complementary palindromes are detected by a separate software tool called PatternHunter in the first part. Those approximate repeats and non-repeating regions are then encoded in the second part. DNACompress not only provides good compression ratio, but also is significantly faster than GenCompress. In addition, DNAC (Chang, 2004 ) is divided into four phases. The suffix tree is built in the first phase to locate exact matches. All the exact repeats are extended in the second phase to approximate repeats by dynamic programming. In the third phase, the optimal non-overlapping repeats are extracted from the overlapping regions. All the repeats are then encoded in the last phase. Similar to DNAC, DNAPack (Behzadi and Fessant, 2005) uses dynamic programming approach for the identification and encoding of repeats.
Homology searching engine
PatternHunter ) is a homology search tool for identifying approximate repeats and approximate reverse complement repeats. All approximate repeats obtained from PatternHunter are ranked by a similarity measure called score. A high score indicates a high similarity existed between two subsequences. Besides, details of the repeats such as the location and the length of the repetitive regions are output to an 'aln' file. In an 'aln' file, 'Score' shows the bit score of the local alignment generated through the search. 'Expect' is also known as the E-value. A lower expect value indicates a more homologous sequence. The numerator of 'identities' shows the number of identical nucleotides while the denominator of the 'identities' displays the number of approximate match nucleotides in the obtained alignment. 'Gaps' shows whether the alignment has gaps. 'Strand' shows the direction of the aligned strands. The word before '/' refers to 'Query' subsequence and the word after '/' refers to 'Sbjct' subsequence. Minus indicates it is a complementary strand. 'Query' refers a subsequence of the query sequence. 'Sbjct' refers to another subsequence of the subject sequence. Figure 5 shows one of the low score repetition record listed in an aln file. This is a less homologous sequence since the E-value is high and the score is low. There are a total of 210 nucleotides involved in the alignment, in which three times of deletion/insertion and 132 identical nucleotides between these two subsequences are included. The complementary palindrome of the query subsequence starting from the 14812th to 15019th bases is compared with the subsequence starting from the 198493rd to 198695th bases. Each base of the two subsequences is listed.
Similarity study
It is often conjectured that similarities do exist among different chromosomes of one species (Li et al., 1998) . On the other hand, it is definitely the case that sequences of evolutionary similar species share similar mitochondrial DNA sequences (Hizume et al., 2002) . In this section, the similarities in DNA sequences between different chromosomes of S.cerevisiae are investigated. We studied the first 16 chromosomes starting from Chr I to Chr XVI which can be downloaded from http://www.ncbi.nlm.nih.gov/Genbank/index.html.
Existence of similar subsequences among chromosomes
To search for all approximate repeats (see approximate repeats section) and approximate reverse complement repeats (see complementary palindromes section) in one chromosome sequence or between a pair of chromosome sequences, PatternHunter ) is employed.
Self-referencing
Self-referencing is defined as finding repetitions in one chromosome sequence. All currently proposed DNA compression algorithms consider self-referencing only. Figure 6 shows the lengths of the top four score repetitive regions found inside Chr I, Chr III, Chr IV, Chr V, Chr VII, Chr VIII, Chr XI, Chr XII, Chr XIII, Chr XIV, Chr XV and Chr XVI itself. Y-axis denotes the length of the repetitive regions found. The black, grey, light grey and white colour bars represent the first, second, third and fourth highest scores respectively. The lengths of most repetitive regions such as the lengths in Chr IV, Chr VII, Chr XII, Chr XIII and Chr XVI are around 6000. Chr I is one of special cases as the length of the highest score is around 13000 but the second one is dropped to around 2000. Besides, the lengths of the top four score of Chr III and Chr XI are very short, they are around 1000 only. 
Self-Referencing
Notes: The first, second, third and fourth highest scores are illustrated by black, grey, light grey and white colour bars respectively. Y-axis denotes the length of the repetitive regions found.
Cross-referencing
Cross-referencing is defined as finding repetitions between different chromosome sequences. It attempts to find similarities among different chromosome sequences. To show the similarities between different chromosome sequences in S.cerevisiae, self-referencing in Chr I and cross-referencing between Chr I and Chr VIII will be explored.
The following shows the identities of the top five scores found inside Chr I of S.cerevisiae, i.e., this shows self-reference subsequences found within Chr I itself. The length of the repetitive regions is of special interest. It is because the repetitive regions can be encoded with respect to similar regions that have been encoded already. Thus, the longer the matching sequences are, the higher the compression ratios attained.
In the first record, '13159' means the number of exact match nucleotides while '14613' indicates the number of approximate match nucleotides including exact match nucleotides. The number in the bracket is the percentage of exact match within the whole repeated subsequence. Thus, the longest repetitive region found within Chr I is about 13000. The following shows the identities of the top five scores of cross-reference sequences found between Chr I and Chr VIII. Result shows that the lengths of the two longest similar regions found between Chr I and Chr VIII are about 17000 and 12000. In fact, if we compare the top four results, the lengths of each similar region between Chr I and Chr VIII are greater than that of similar subsequences found within Chr I. To have a clear picture, Figure 7 depicts the lengths of the top three score repetitive regions of self-reference and cross-reference between a particular chromosome with the other 15 chromosome sequences of S.cerevisiae. The highlighted area indicates self-referencing similarity while others are cross-referencing similarities. Figure 7 (a) summarises the lengths of the top three score repetitive regions within Chr I itself and between Chr I and the other 15 chromosome sequences of S.cerevisiae. The three bars of Chr VIII indicate the top three most similar sequences found between Chr I and Chr VIII. We can see that the lengths of the repetitive regions found between Chr I and Chr VIII are always larger than those found within Chr I alone. In addition, the lengths of the repetitive regions found between Chr I and other chromosomes such as Chr II, Chr IV, Chr VII, Chr X, Chr XII, Chr XIII and Chr XVI are significant too.
Figure 7(b) shows the lengths of the top three score repetitive regions within Chr VIII itself and between Chr VIII and the other 15 chromosome sequences of S.cerevisiae. The three bars of Chr I indicate the top three most similar sequences found between Chr I and Chr VIII. Obviously, the lengths of the repetitive regions found between Chr I and Chr VIII are always larger than those found within Chr VIII alone. At the same time, the lengths of the repetitive regions found between Chr VIII and other chromosomes except Chr III, Chr IX and Chr XI are noteworthy too.
Comparing Figure 7 (a) with Figure 7 (b), the interesting point is that the lengths of the repetitive regions found between Chr I and Chr VIII are always larger than those found within Chr I alone [the highlighted part in Figure 7 Figure 7(c) illustrates the lengths of the top three score repetitive regions within Chr III itself and between Chr III and the other 15 chromosome sequences of S.cerevisiae. In this case, we can see that the self-similarity inside Chr III is small, as compared to the cross-similarities between Chr III and other chromosome sequences.
The case is true for Chr XI as shown in Figure 7 (d). In fact, similar observation is obtained from other chromosome sequences of S.cerevisiae. This shows that besides self-similarity within the chromosome sequence itself, cross-similarities with other chromosome sequences cannot be ignored. These cross-similarities can be exploited which should be beneficial for compression applications. 
Location and length of similar sequences between chromosomes
Most existing DNA compression algorithms work by first finding self-similar subsequences inside the current chromosome sequence. Then the subsequence is encoded with reference to an identical/similar subsequence that occurred in the past (Chen et al., 2002) . To quantify the potential gain in cross-sequence compression, we need to find out whether any subsequence in the current chromosome sequence can be predicted from regions in another chromosome sequence. If so, there will be a gain if these two sequences are compressed together by referencing regions to each other. We termed this as cross-sequence compression. The length of these cross-reference subsequences determines potential compression ratios that would result by considering multiple DNA sequences in compression. The longer the length is, the higher the potential compression ratio will be. Table 2 and Table 3 show the total lengths of subsequences that can be predicted either from the current chromosome sequence or from other chromosome sequences. Note: The italicized value represents self-similarity (i.e., self-prediction) while the highlighted boxes represent those entries that have greater values than the self-predicted one.
Analysis with self-referencing and cross-referencing
Each column entry in the table represents the total lengths of subsequences in Chr a that can be predicted from certain regions in Chr b. For example in Table 2 , the first entry for Chr I '24807' represent the total length of similar subsequences that can be found within Chr I. In other words, a total of 24807 nucleotides can be predicted by referencing to itself. Similarly, the second entry '15253' represents the total lengths of similar subsequences in Chr I that can be predicted from Chr II. In other words, a total of 15253 nucleotides in Chr I can be encoded with reference to similar subsequences in Chr II. Furthermore, the first entry for Chr III '12411' is highlighted since that is greater than '11361' (the third entry of Chr III), which is the total length of similar subsequences that can be found within itself. The self-referencing values are italicized in Table 2 and Table 3 . All entries that have a greater number of nucleotides predicted from other chromosomes than the self-referencing value are highlighted. Results can be grouped into three classes. The first class, consisting of Chr III, Chr XI, Chr XIV, Chr VIII and Chr V, has high similarities with chromosomes other than itself. We can see that more than half of the chromosomes have cross-referencing values bigger than the self-referencing value. This implies that a potentially high compression gain can be obtained if these sequences employ cross-referencing strategy with subsequences predicted from other chromosomes in addition to self-referencing. The second class consists of Chr XV, Chr XVI, Chr VII and Chr XIII. The numbers of highlighted entries for Chr XV, Chr XVI, Chr VII and Chr XIII are 8, 7, 6 and 5 respectively. Although its numbers are not as high as that in the first class, a potential compression gain is also expected since the cross-referencing values are still large. As self-referencing is still considered in compression, an effective cross-referencing strategy should improve the overall compression ratio.
The last class consists of Chr I, Chr XII and Chr IV. The numbers of highlighted entries for Chr I and Chr XII are 2 and 1 respectively as well as no highlighted entries for Chr IV. In Chr I, a total of 50536 nucleotides can be predicted from Chr VIII. In contrast, only 24807 nucleotides can be self-referenced within Chr I. The number is almost doubled if a reference is made to Chr VIII. This is consistent with the findings in Figure 7 (a). In Chr XII, a total of 87680 nucleotides can be predicted from Chr IV. This is comparable to the self-referencing value which is 84170. As the length of Chr XII is 1078175, these self-referencing and cross-referencing values are indeed significant. In Chr IV, the self-similarity consists of 82152 nucleotides. In contrast, the largest cross-similarity with Chr XII is 77913. While this is smaller than the self-referencing value, the combination of self-referencing and cross-referencing values should contribute to a better compression.
Besides considering the total length of similar subsequences, their exact locations are important too. If similar subsequences within a single sequence are well spread out instead of heavily overlapped, a high proportion of the total nucleotides within the sequence can be predicted by cross-referencing among chromosomes. This in turn results in a high compression gain. Figure 8 provides a detailed analysis on the locations of similar subsequences among chromosomes. The similar subsequences are well spread out. This shows the potential benefits of encoding multiple chromosome sequences together. In order to present the locations of similar subsequences clearly, we only consider those repeats with scores above 100. Also, the illustration just shows those with repeat lengths over 20. Figures 8(a) , 8(b) and 8(c) demonstrate the locations of similar subsequences for the first, the second and the third class respectively.
In Figure 8 (a), we can see that the portions of self-referencing regions (shown in black colour) in all the five chromosomes are very small, as compared to the portions of cross-referencing regions (shown in grey colour) with other chromosomes. Since the proportion of self-referencing subsequences in the case of Chr XI, Chr XIV, Chr VIII and Chr V are too small; we cannot even see the self-referencing subsequences in the figure. Besides, similar subsequences predicted from other chromosomes contribute to different locations. For example, in Chr XI, the four similar subsequences found from Chr X, Chr XIII, Chr VIII and Chr III contribute to four different areas. Similar observations can be seen from Figure 8 (b) about the second class.
Figure 8(c) shows locations of similar subsequences for the third class. In Chr I, we can see that the portions of cross-referencing regions with either Chr VIII or Chr XV are much larger than that of self-referencing regions. In Chr XII, the portions of cross-referencing regions with Chr XIII or Chr IV are comparable to that of self-referencing regions. In Chr IV, the portions of cross-referencing regions with Chr XII are comparable to that of self-referencing regions too. Figure 8 shows that the cross-referencing regions with other chromosomes are often significant when compared with self-referencing regions within the chromosome. Also, similar sequences from different chromosomes contribute to different locations in the chromosome. As a result, it would be advantageous to compress different chromosomes together to be beneficial from both self-sequence and cross-sequence similarities. 
Notes: Self-similarity is shown in black colour while cross-similarities with other chromosomes are in grey colour. The sequence number of the chromosome is marked inside the coloured region. Only significant regions are presented and are drawn on scale. Note that the * next to the chromosomes represent those chromosomes without significant self-sequence repetitions.
Conclusions and future development
We have investigated similarities among the 16 chromosomes of S.cerevisiae. Although cross-sequence similarities has been known and exploited in many applications, we quantified it here for the first time with a view to an efficient DNA sequence compression. A detailed similarity analysis including the length and location of similar subsequences between chromosomes was performed. We found that cross-sequence similarities are highly significant between chromosomes. It is found that the length of similar subsequences found between chromosomes is at least comparable to that found within a chromosome. While current DNA compression only considers repetitions found within the chromosome sequence itself, our study implies that it would be highly advantageous to compress different chromosomes together to achieve a higher compression ratio. Therefore, compression can be benefited from both self-sequence similarity and cross-sequences similarities. Our future work would be to quantify this observation between species and to develop an efficient DNA compression scheme that exploits both self-sequence and cross-sequence similarities.
